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Simulating ectomycorrhizal fungi and their role in carbon and
nitrogen cycling in forest ecosystems
G. Deckmyn, A. Meyer, M.M. Smits, A. Ekblad, T. Grebenc, A. Komarov, and H. Kraigher
Abstract: Although ectomycorrhizal fungi play an important role in forest ecosystem functioning, they are usually not included
in forest growth or ecosystem models. Simulation is hampered by two main issues: a lack of understanding of the ecological
functioning of the ectomycorrhizal fungi and a lack of adequate basic data for parameterization and validation. Concerning
these issues, much progress has been made during the past few years, but this information has not found its way into the forest
and soil models. In this paper, state-of-the-art insight into ectomycorrhizal functioning and basic values are described in a
manner transparent to nonspecialists andmodelers, together with the existingmodels andmodel strategies. As such, this paper
can be the starting point and the motivator to include ectomycorrhizal fungi into existing soil and forest ecosystem models.
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Résumé : Même si les champignons ectomycorhiziens jouent un rôle important dans le fonctionnement des écosystèmes
forestiers, ils ne sont habituellement pas inclus dans les modèles d'écosystème ou de croissance forestière. Deux problèmes
principaux compliquent l'utilisation des modèles de simulation : un manque de compréhension du fonctionnement écologique
des champignons ectomycorhiziens et l'absence de données de base adéquates pour le paramétrage et la validation. Beaucoup de
progrès a été accompli au cours des quelques années passées au sujet de ces questionsmais cette information n'a pas été intégrée
dans les modèles édaphiques et forestiers. Dans cet article, les connaissances les plus récentes concernant les données de base et
le fonctionnement des ectomycorhizes sont présentées de façon transparente pour les profanes et les modélisateurs. En soi, cet
article pourrait servir de point de départ et de motivation pour inclure les champignons ectomycorhiziens dans les modèles
édaphiques et d'écosystème forestier existants. [Traduit par la Rédaction]
Mots-clés : ectomycorhizes, écosystème forestier, sol, modèle, examen, simulation.
Introduction
Most (80%–90%) trees in temperate and boreal forest ecosystems
live in symbiosis with ectomycorrhizal (EM) fungi (Read 1992).
These fungi receive energy from their host plant and, in return,
deliver key tree nutrients such as nitrogen (N) and phosphorus (P).
Asmost root tips of EM host trees are covered by EM fungal tissue,
these fungi form the main interface between the tree and the soil
(Read et al. 2004). Therefore, EM fungal functioning has to be
acknowledged in studying soil–plant interactions (for a review,
see Smith and Read 2008). There is growing attention concerning
the role of EM fungi in ecosystem and soil-forming processes, as
illustrated in several reviews in the ﬁeld of soil organic matter
(SOM) dynamics (Read and Perez-Moreno 2003; Talbot et al. 2008)
and soil mineral weathering (Landeweert et al. 2001; Finlay et al.
2009), but up to now, EM fungi have been widely ignored in forest
soil models.
Concerning the role of arbuscular mycorrhizal (AM) fungi, in-
tracellular fungi mainly found in grasslands and tropical rainfor-
est, besides research articles, some excellent modeling studies
have been performed (Collins Johnson et al. 2006; Schnepf and
Roose 2006; Deressa and Schenk 2008). For EM fungi, extracellular
symbiotic fungi found mostly in temperate and boreal forests,
emphasis has been on experimental studies, but inclusion into
forest and soil models has so far been rather limited. Nonetheless,
some models for EM fungi growth exist (Meyer et al. 2010;
Deckmyn et al. 2011; Orwin et al. 2011). In this manuscript, a re-
view of the main data and processes that are potentially impor-
tant for simulation of EM fungi in forests is given. Furthermore,
a review of the existing models is supplied. Because of the very
limited number of EM models, some relevant AMmodels are also
included. The purpose of this review is to stimulate the develop-
ment and improvement of existing soil models through inclusion
of the most important EMmechanisms and effects. Furthermore,
by listing the main data requirements for development and vali-
dation of forest soil models, we hope to stimulate experimental
scientists to produce relevant and necessary data.
In the ﬁrst section, the necessary information for a very basic
EM model is described. In the following sections, the most useful
possible extensions to a simple model are described.
1. Simple EM models
EM fungi constitute a major sink of plant-ﬁxed carbon in EM
forests. Up to now, most EM models focus on the fate of this
belowground carbon (C) ﬂow, and the linked N ﬂow to the host
plant, and do not include possible interactions with other soil
processes. In this section, we describe the fundamental basics
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and appropriate parameter values of the role of EM biomass in the
belowground C and N dynamics (see Fig. 1). An overview of exist-
ing simplemodels is included. Estimated parameter values can be
found in Table 1.
1.1. Basic values: pool size, growth, turnover, and
respiration
The ﬁrst question concerns the size of the fungal biomass be-
longing to the mycorrhizal pool. This pool comprises fungal tis-
sues in EM root tips and extramatrical mycelium (EMM), formed
predominantly by differently organized and structured single hy-
phae, rhizomorphs, and sclerotia; in hypogeus fungi, fruit bodies
can also be considered. Most published values concern only the
EMM (see also section 1.3). Högberg and Högberg (2002) estimate
(girdling experiment) that 32% of the soil microbial biomass in a
Scots pine (Pinus sylvestris L.) forest was contributed by EMM. This
contribution was calculated to be equivalent to 145 kg·ha−1, cor-
responding to 58 kg C·ha−1. It is not possible to fully differentiate
between saprotrophic and EMmycelia in the ﬁeld. Estimations are
that around 50% of mycelia in boreal forests are from EM fungi, but
this fraction is highly variable (Bååth et al. 2004). Furthermore, it
is difﬁcult to differentiate between live and dead mycelium.
Wallander et al. (2004) used a speciﬁc phospholipid fatty acid
(18:26,9) as proxy for living fungal biomass, and its degradation
in incubated soil samples was used as a measure of EM fungal
biomass. Total EM biomass estimates by this method ranged from
4.8 × 103 kg·ha−1 (spruce) to 5.8 × 103 kg·ha−1 (mixed oak–spruce).
Nilsson and Wallander (2003) found 120–800 kg EMM·ha−1 (de-
pending on nutrient availability and season), while Hagerberg
et al. (2003) reported 110 kg·ha−1 for EMM in the upper 5 cm. EMM
has often been expressed in length units. For example, Jones et al.
(1990) reported values from 20 to 50 m·g−1, with reported conver-
sion factors ranging from 1 to 3 × 105 m·g−1 (Wallander et al. 2004)
to 8.3 × 105 m·g−1 (Hunt and Fogel 1983) to convert length to bio-
mass or from 2.75 (Stahl et al. 1995) to 4.12 mg·m−1 to convert
length to C content values (Miller et al. 1995). Interestingly, the EM
fungal biomass followed a similar trend as the ﬁne root distribu-
tion in these sites, which could be an incentive for modeling
purposes (Wallander et al. 2004; Thelin et al. 2002). In fungalmats,
sometimes found at the boundary between the organic soil and
themineral soil, up to 600 km·g soil−1 has beenmeasured (Ingham
et al. 1991).
The standing pool of EMM biomass is the product of hyphal
growth and mortality. Under laboratory conditions, growth rates
of the mycelial front of up to 8 mm·day−1 (Donnelly et al. 2004),
but typically 2–4 mm·day−1 (Read 1992), have been reported. The
growth rate of the mycelial front in forest soils is unknown, but
estimates from the radial spread of fungal genets of Suillus bovinus
(L.) Roussel (1806) averaged about 0.7 mm·day−1, as estimated by
Ekblad et al. (2013) from data in Dahlberg and Stenlid (1994). For
soil-scale modeling purposes, it is more useful to express EM fun-
gal growth as kilograms per hectare of soil (kg·ha−2). Over the last
Fig. 1. Simple ﬂow chart of C and nutrients (P and N) between soil, plant, and ectomycorrhizal (EM) fungi.
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decade, it has become popular to use mycelial in-growth bags to
estimate the production of EMM (Wallander et al. 2001; for a re-
cent compilation of studies using this technique, see Ekblad et al.
2013; for a review of this and other methods to estimate the pro-
duction and turnover of EMM, see Wallander et al. 2013). One
advantage with in-growth bags is that they are colonized mainly
by mycorrhizal fungi and the contribution of saprotrophs seems
to be small (Wallander et al. 2001; Kjøller 2006; Parrent and
Vilgalys 2007; Hedh et al. 2008), which is an advantage compared
with the traditionally used mycelium length estimates (e.g.,
Söderström 1979; Vogt et al. 1982; Fogel and Hunt 1983).
Wallander et al. (2004) measured 590 kg·ha−1·year−1 in spruce
stands and 420 kg·ha−1·year−1 in mixed spruce–oak stands. In a
recent survey of EMM production estimates from140 temperate
forest sites, an yearly average production of 160 kg drymass·ha−1·year−1
in the upper 10 cm soil (range of 20 to 980 kg·ha−1·year−1) was
estimated (Ekblad et al. 2013). These values should probably be at
least doubled for a whole soil proﬁle, based on the very few stud-
ies that report production estimates from more than one soil
depth (Rosling et al. 2003; Egerton-Warburton et al. 2003).
Table 1. Basic parameter values for ectomycorrhizal (EM) models.
Parameter Tissue Value Species Reference
C:N Rhizomorph 20–40 FACE Pinus taeda Wallander et al. 2003
EM root tip 26.4 Pinus sylvestris Trocha et al. 2010
23.0 Quercus robur, seedlings
Fruit body 9.1–14.2 Boreal forests Taylor et al. 1997
11.5–11.6 Pinus sylvestris Taylor et al. 2003
10.1 Picea abies Zeller et al. 2007
EMM 4.6–60 Boreal forests Taylor et al. 1997
22.2 Mixed species Fogel and Hunt 1983
14–20 Picea abies Nilsson and Wallander 2003
Turnover rate Rhizomorph Up to 11 months Pinus–Juniperus, minirhizotrons Treseder et al. 2005
FACE Picea sitchensis
Several months FACE Pinus taeda Coutts and Nicoll 1990
304 days Mixed temperate Pritchard et al. 2008
400 days Vargas and Allen 2008
EM root tip 1–6 years Pinus edulis Treseder 2004
1.3 years Picea abies Majdi et al. 2001
73–137 days FACE Pinus taeda Pritchard et al. 2008
139 days Pinus ponderosa seedlings Rygiewicz et al. 1997b
Fruit body 1–2 weeks Pinus edulis Treseder et al. 2005
EMM A few days Poplar forest Staddon et al. 2003
Conifer–oak Smith and Read 2008
9 days FACE Populus Godbold et al. 2006
<1 week average Mixed temperate Vargas and Allen 2008
Respiration Rhizomorph No value found
EM root tip 25.4 Pinus sylvestris Trocha et al. 2010
13.5 nmol O2·g−1·s−1 Quercus robur, seedlings
Fruit body,
hypogeous
0.005–0.030 mol CO2·m−2·s−1 Tuber aestivum in mixed
Carpinus–Quercus forest
Grebenc and Ferlan
(unpublished data)
Fruit body,
epigeous
0.010–0.027 mol CO2·m−2·s−1 Paxillus involutus in mixed
Carpinus–Quercus forest
EMM 20–150 mol CO2·mg−1·s−1 12 species, including
rhizomorph Pinus sylvestris
Malcolm et al. 2008
97.9–160 mg CO2·m−2·h−1 Högberg and Högberg 2002
Pool size Rhizomorph Up to 50% FACE Pinus taeda Pritchard et al. 2008
EM root tip 20%–40% Pinus sylvestris Wallander et al. 2001
64 kg·ha−1 Picea abies Ostonen et al. 2005
250–400 kg·ha−1 Picea abies Dahlberg et al. 1997
Fruit body <1% Pinus sylvestris Wallander et al. 2001
6 kg·ha−1·year−1 Picea abies Wiklund et al. 1994
1.1–167 kg·ha−1·year−1 Pinus sylvestris Dahlberg and Stenlid 1994
8.8 kg·ha−1·year−1 Picea abies Dahlberg et al. 1997
EMM 44% Picea abies Robert B. Björk
(personal communication)
60%–80% Pinus sylvestris Wallander et al. 2001
32% = 145 kg·ha−1 Pinus sylvestris Högberg and Högberg 2002
120–800 kg·ha−1 Picea abies Nilsson and Wallander 2003
Sclerotia 440 kg·ha−1 Picea abies Dahlberg et al. 1997
Total 4.8 × 103 kg·ha−1 Picea abies Wallander et al. 2004
5.8 × 103 kg·ha−1 Picea abies–Quercus robur Wallander et al. 2004
Percent infection 10%–74% (shade–sun) Fagus sylvatica Druebert et al. 2009
26%–82% Populus sp. Baum and Makeschin 2000
>90% FACE Populus sp. Godbold et al. 2006
>95% Picea abies Dahlberg et al. 1997
100% Picea abies Kraigher 1999
Note: C:N, ratio of carbon to nitrogen; FACE, free-air CO2 enrichment; EMM, extramatrical mycelium.
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Turnover of mycelia has mostly been measured on arbuscular
mycorrhizae (e.g., Fitter 2006; Rillig et al. 2007; Staddon et al.
2003). Only few measurements are available from EM. The turn-
over rate of the EMMdepends on the ratio between ﬁnemycelium
and rhizomorphs (see section 1.2). The C and nutrient content of
EM tissues should be known to link the dynamics of fungal tissues
with belowground cycles of carbon and nutrients. The C-to-N ratio
(C:N) of EM mycelium in forest soils is typically lower than of the
host plant, values around 15–22 (Nilsson and Wallander 2003;
Boström et al. 2007) are generally reported. Besides C andN, P is an
important component: C:N of 10 (or 89.2 mg·g−1) and C-to-P ratio
(C:P) of 50 (or 17.8 mg·g−1) are found in literature for AM fungi
(Landis and Fraser 2007). For EM mycelia, P from 1.7 mg·g−1 under
P-limited conditions up to 13 mg·g−1 was measured (Cairney and
Smith 1992), equivalent to a C:P of 558 to 71. For rhizomorphs, a
P content of 0.5–0.6 mg·g−1 was determined by Wallander et al.
(2003).
An EM carbon balance should also include a respiration rate.
Both isotopic analysis (Trumbore 1997, 2006) and ﬁeld manipula-
tion studies (Högberg et al. 2001) demonstrate that over a growing
season, less than half of the total forest soil respiration is ac-
counted for by the breakdown of soil organic matter (SOM). Be-
lowground allocation of photosynthate products and rapid
(<1 week; Ekblad and Högberg 2001; Ekblad et al. 2005) transition
into CO2 is responsible for the other half of total soil respiration
(see also Högberg and Read 2006). EM fungi probably play an
important role in regulating this part of the respiration, because
of (i) higher respiration rates of fungal tissues compared with
plant roots (Malcolm et al. 2008), (ii) high turnover rate of ﬁne
mycelium (Staddon et al. 2003; Smith and Read 2008; Godbold
et al. 2006), and (iii) exudation of easily degraded organic mole-
cules (Högberg and Högberg 2002; Johansson et al. 2009). In situ
estimations of the contribution of EM fungi to total soil respira-
tion range from 18% in an oak forest to 25% in a young pine forest
(Heinemeyer et al. 2007, 2011). Yi et al. (2007) reported that 20%–
37% of soil respiration in a subtropical forest is mycorrhizal.
Phillips et al. (2012) found a 16% increase in soil respiration at
densemats of EM fungal mycelium, compared with neighbouring
soil, and calculated that EM respiration represented 40% of rhizo-
sphere respiration. Thus, also from a modeling perspective, the
understanding of the regulation of fungal respiration is of major
importance (Hughes et al. 2008). For fungi in general, mainte-
nance respiration rates of 0.06–0.12 g·g−1·h−1 have been reported
(Lynch and Harper 1974). Malcolm et al. (2008) reported between
20 and 150 mol CO2·mg−1·s−1 for EM fungi.
A relatively large number of studies include the colonization by
EM as percent infected or colonized ﬁne roots, as this is relatively
easy to measure (values ranging from 10%–100%; for a review, see
Read et al. 2004). Infection rates are species- and site-dependent
and sometimes inﬂuenced by management, nutrients, and (or)
CO2. However, the infection percentage is not clearly related to
the associated EM biomass or to functional or taxonomic diversity
(Rosling et al. 2003).
1.2. Basic C and nutrient exchange
Besides the obvious ﬂow of C from the host plant to the EM, the
nutrients studied most frequently with regard to their impact on
ectomycorrhiza are N and P; therefore, we will focus on these
three in the following paragraphs.
1.2.1. C exchange
Although it is assumed that ectomycorrhizal fungi have some
capacity to degrade complex organic compounds (Smith and Read
2008; Durall et al. 1994; Hobbie and Hobbie 2006; Rineau et al.
2012; see also section 2.1), the majority of species seem to rely on
the host plants' C supplies to a very high degree (Nehls 2008;
Courty et al. 2010).
From ﬁeld and laboratory studies, it is estimated that between
5% and 50% of the plant's recent photoassimilates can be trans-
ferred to the EM fungi (Leake et al. 2004; Jones et al. 2009; Leake
2007, 10%–30%; Simard et al. 2002, 10%–50%). C transfer is com-
plex, and both regulated and unregulated transfer of recent
photoassimilates and stored C to the EM have been described
(Druebert et al. 2009; Pena et al. 2010, see chapter 4). At an ecosys-
tem level, the published estimates of C allocation into below-
ground EM (EM root tips, EMM, and fruit bodies) varied from
0%–20% (Hobbie and Hobbie 2006) to 12.5%–15% (Smith and Read
2008) of the net primary production (NPP) of a forest stand. In a
recent review, Ekblad et al. (2013) estimated an overall average of
7.2% of NPP allocated to EM as a realistic value, based on the
current knowledge of EMM growth and turnover rates.
1.2.2. N uptake
In general, plant N uptake is improved by association with EM
fungi through four possible mechanisms: (i) efﬁciency of the
uptakemechanisms, (ii) explorationofbigger soil volume, (iii) uptake
of organic forms (e.g., amino acids), and (iv) release of nutrients
from nonplant available sources (e.g., complex organic matter).
Potential uptake rates for EM have been determined under con-
trolled conditions and were reviewed by Plassard et al. (1991).
Their ﬁndings show high diversity in potential uptake rates as
ammonium uptake ranged as much as 19–600 mol·g root tip−1·h−1
between species. Nitrate uptake was estimated to be much lower
(39–45 mol·g root tip−1·h−1) but could only be given for two spe-
cies. In general, EM fungi are not necessarily more efﬁcient in
taking up mineral N compared with plant per unit surface area,
but because of the high surface area (EM fungi are much thinner
than ﬁne roots), total uptake is higher. The increase in explora-
tion area has been often shown, although it is highly species-
variable (see section 2). Uptake of organic forms (amino acids)
appears to be more common in EM fungi than in plant roots, but
no estimates of rate have been published to our knowledge. Con-
cerning the breakdown of complex organic compounds and the
related release nutrients, especially P but also N (Finlay 2008; also
see section 3 of this review), although important, thismatter is too
complex for inclusion in simple models. A more general approach,
without focusing on the uptake mechanisms, was used by Bending
and Read (1995), giving nutrient uptake rates from the fermentation
horizon SOM as 0.7% N·day−1 (or 45–78 g·g SOM−1·day−1) above the
mineralisation rate of the substrate (although these data are froman
artiﬁcial microcosm).
1.2.3. P uptake
Even more for P than for N, because of the lower mobility of P,
the extended foraging range and high surface area are very im-
portant in explaining increased P uptake by mycorrhizal trees
(Hayman 1983; Harley and Smith 1983). P uptake has been studied
extensively in AM, whereas only a few values for P uptake rates
exist in literature for EM. Van Tichelen and Colpaert (2000) found
0.13–0.62 nmol·g EM root tip−1·s−1 in growth medium compared
with 0.08 nmol·g root tip−1·s−1 for nonmycorrhizal root tips.
Cairney and Smith (1993) reported 11.5–24.7 mol·g EM−1·16 h−1 in
growth medium. For modeling purposes, it can be assumed that
EM take up all available mineral P. Because of the high uptake
efﬁciency of mineral P and the lowmobility in the soil, in a forest,
P is generally derived from organic compounds that are less
available as a source of P to plants. Bending and Read (1995)
gave P uptake rates from the fermented horizon SOM pool as
4.1 g P·g SOM−1·day−1, or 0.7% P·day −1. However, much uncer-
tainty still exists about the P sources available to EM (for a
review, see Plassard andDell 2010), so these rates will depend very
much on the available SOM pools but can be quite high (60%–70%
of organic P within 90 days; Plassard and Dell 2010).
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1.2.4. Nutrient transfer to the host plant
Uptake by the EM fungi is generally not the goal of themodeling
exercise. More important is the transfer to the host plant. Global
estimations of fungal contribution to plant N uptake range
around 90% (Hobbie andHobbie 2008; van der Heijden et al. 2008);
in a controlled experiment, Brandes et al. (1998) reported 70%, but
these rates differ probably between fungal species (Lang and Polle
2011). For P, even fewer studies exist, but estimates are similar to
those of N contribution (e.g., Brandes et al. 1998: 73%). Next to N
and P, fungi are known to also improve plant Mg, Ca, K, Zn, and Fe
nutrition (Marschner and Dell 1994). The high transfer rates are a
combination of increased exploitation area and enhanced uptake
rate but are also explained by the envelopment of the ﬁne roots
with the fungal mantle so that direct ﬁne root uptake is reduced
by the EM. The impact of this root envelopment on root nutrient
uptake is still not completely clariﬁed. Direct root uptake without
passage over the fungal plasma membrane is inhibited, as re-
viewed by Taylor and Alexander (2005), but selective passage of
certain nutrients from the soil to the root is possible.
1.3. EM structures
From a modeling perspective, it can be useful to limit the EM
fungal biomass to one carbon pool, but even simple models tend
to include some differentiation between the different EM tissues
as they are very different in terms of turnover time, respiration,
and C:N (see values provided below and in Table 1). EM fungi show
high morphological diversity (Agerer 1991, Agerer 1987–1993), but
in general, the following tissues are recognized.
1.3.1. EM root tip
The EM root tip is the interface between the plant and the
fungus. Fungal tissues envelop short lateral roots, and a net of
hyphae (Hartig net) penetrate between epidermal and cortical
root cells down to the endodermis. Because of the intergrowth of
fungal and plant tissues, it is challenging to obtain parameter
values for modeling this fraction of the EM biomass. However,
values for complete EM root tips are often found in literature
and can be used to estimate the fungal pool. For conversion of
EM root tip dry mass to grams of fungal C, a correction factor of
0.5 g C·g drymass−1 has been used (Smith and Read 2008). Grebenc
and Kraigher (2009) calculated 0.0083–0.0692 mg C·root tip−1,
with an average value across the 20 EM for European beech of
0.0169 mg C·root tip−1. Dahlberg and Stenlid (1994) proposed 11%–
30%, and Dahlberg et al. (1997) used a conversion factor from total
ﬁne root dry mass of 3% (spruce) and 4.5% (Scots pine), whereas
Ostonen and Löhmus (2003) suggested that 18% is an appropriate
value for conversion of EM root tip to fungal tissue, from which
Ostonen et al. (2005) calculated fungal EM root tip biomass of
64 kg·ha−1 in a Norway spruce forest, while Dahlberg et al. (1997)
reported 250–400 kg·ha−1. EM root tips have higher respiration
rates (Marshall and Perry 1987; Rygewiecz and Andersen 1994;
Martin and Stutz 2004) but decreased turnover rates and C:N
(Langley and Bruce 2003) compared with nonmycorrhizal root
tips.
1.3.2. Fine mycelium and rhizomorphs
The EMM comprises the EM fungal tissues extending from the
root tip into the surrounding soil. This network is built up by a
complex network of branching and joining of fungal cords (hy-
phae); these hyphae are sometimes bundled into thick strands
(rhizomorphs). The structure and size of the extraradical myce-
lium varies widely between EM species and is well described for a
great number of species (Agerer 2001). Formodeling purposes, it is
useful to divide the extraradical mycelium into ﬁne mycelium
and rhizomorphs. Rhizomorphs have a much higher longevity
than the ﬁne mycelium, a higher C:N (Vargas and Allen 2008;
Pritchard et al. 2008), and probably lower respiration rates, al-
though no published data were found. Unfortunately, most pub-
lished data on EM biomass in the soil do not distinguish between
ﬁne mycelium and rhizomorphs (Ekblad et al. 2013). Also, mea-
surements in the ﬁeld are difﬁcult and the results are variable.
The few studies on rhizomorphs suggested that up to 50% of EM C
is located in rhizomorphs (Pritchard et al. 2008), but the amount is
highly dependent on EM species (see section 2) and soil and host
plant nutrient status (Pritchard et al. 2008). EMM respiration was
determined by Malcolm et al. (2008) for 12 species and ranged
between 20 and 150 mol CO2·mg dry mass−1·s−1. Sclerotia, an-
other extramatrical structure of several EM fungi (dense aggrega-
tion of hyphae), remain mostly unstudied in terms of their C
budget contribution and longevity but may also be regarded as
not an important parameter for separate soil C modeling.
Dahlberg et al. (1997) measured 440 kg sclerotia·ha−1 in a spruce
forest, so pool size is quite large.
1.3.3. Fruit bodies of EM fungi
Fruit bodies form a small part of the total EM biomass (0.6% of
fungal C as found byWallander et al. (2001); Smith and Read 2008)
or 6 kg·ha−1·year−1 (mean value during 1989–1993) (Wiklund et al.
1994). Together with their short longevity (weeks), fruit bodies are
not an important pool for soil C modeling. Concerning the dy-
namics of fruit body formation, a review by Egli (2011) indicates a
shortage of knowledge concerning environmental and manage-
ment effects on fruit body productivity.
1.4. Abiotic effects on EM growth
Temperature andmoisture content generally have direct effects
on soil microbial growth and respiration. However, in the case of
EM fungi, the effects are highly dependent on the interactions
with the plant partner as temperature, drought, nutrients, and
CO2 also mediate EM respiration through effects on the host
plants (Staddon et al. 2002; Ekblad et al. 2013).
Temperature was frequently studied as a potential modiﬁer of
EM respiration rates. Whereas some studies reported an increase
in respiration rate with increasing temperature (Bååth and
Wallander 2003; Hawkes et al. 2008), other studies showed an
acclimation effect (Malcolm et al. 2008) or no response (Moyano
et al. 2007). Basic values of fungal respiration and growth re-
sponses to temperature were described by Pietikäinen et al. (2005)
as square-root functions, and Malcolm et al. (2008) reported be-
tween 20 and 150 mmol CO2·mg−1·s−1 for most species with a Q10
of 1.67 to 2.56. On the other hand, according to Heinemeyer
et al. (2007), EM hyphal respiration does not respond directly to
changes in soil temperature but is rather regulated by the avail-
ability of carbohydrates. It was mainly the soil heterotrophic ﬂux
component that caused the commonly observed exponential re-
lationship with temperature (Heinemeyer et al. 2007), which is in
line with measurements on variations in total soil respiration
(Ekblad et al. 2005) and an elevated CO2 experiment by Comstedt
et al. (2006). An increase in plant C tends to increase C to the EM.
Conditions in which root growth is promoted (N or P deﬁciency,
drought) increase relative allocation to the EM, but if the absolute
values of C are signiﬁcantly reduced, EM growth will also be sig-
niﬁcantly reduced. The plant photosynthesis and C allocation to
the EM fungus have a strong seasonal variation (Rygiewicz et al.
1997a; Nilsson and Wallander 2003). From the modeling point, a
temperature-related higher fungal biomass for AM and EM fungi
(Gavito et al. 2005; Hawkes et al. 2008; Heinemeyer et al. 2006), as
well as a higher fungal colonization (Heinemeyer and Fitter 2004),
should be noted.
Concerning the effects of moisture, EM hyphal respiration re-
sponded strongly to reductions in soil moisture (Heinemeyer et al.
2007). Because of hydraulic lift and the extended exploration area
of the EMM, EM root tips may survive drought, though large
changes in EM roots and rhizomorph biomass in response to
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drought have been measured (Pritchard et al. 2008). However, the
sensitivity of the EMM to drought possibly varies considerably
between different exploration types of fungi, and rhizomorps
may also grow rapidly at very low soil water content (Vargas and
Allen 2008).
The changing (increasing) atmospheric CO2 concentrations have
mainly indirect effect and, from ﬁeld experiments on EM coloniza-
tion and EMM production, seem to be insigniﬁcant in most cases,
except for rhizomorphs (Pritchard et al. 2008; Rygiewicz et al. 1997b).
Besides this, Finzi et al. (2007) noted that effects were mostly plant-
mediated and led to an increase in fungal biomass due to higher
photosynthesis and higher belowground C allocation (e.g., Gavito
et al. 2000; Treseder 2004; Wiemken et al. 2001). Indications for any
different response are too uncertain and scarce to assume differ-
ences for a modeling approach.
1.5. Modeling approaches and implications
1.5.1. Existing models
Several models that involve mycorrhizal symbioses have been
developed so far and can be distinguished between purely AM and
EM models and models that have no clear distinction in mycor-
rhizal type (Table 2). Themajority of existingmodels focus on AM,
as they are considered important in P nutrition of agricultural
plants (Collins-Johnson et al. 2006; Schnepf and Roose 2006;
Deressa and Schenk 2008). These models are mostly stand-alone
models that only consider a mycorrhized root and the fungi and
concentrate on the fungal P uptake dynamics and its contribution
to the plant P nutrition (Deressa and Schenk 2008; Jolicoeur et al.
2002; Schnepf et al. 2008; Schnepf and Roose 2006). In contrast,
the mycorrhizal P uptake route has been widely neglected in EM
models. Incorporating P uptake concepts of the AM models into
EM models could elucidate the possible role of EM in the plant
uptake of this important nutrient. The increase in N levels
(through pollution), together with increasing acidity, have been
shown to shift forests from N-limited to P-limited (Gress et al.
2007). Inclusion of P effects on forest growth is therefore becom-
ingmore relevant. It is possible that by simulatingmineral uptake
of P only, an overestimation of P limitation of tree growth ismade,
as mineral P content is very low in many soils. Even a model
simply including organic P uptake (without explicit simulation of
the EM fungi responsible) could improve the simulations.
AM models are generally a good starting point for simple EM
models, but attention needs to be paid to some important differ-
ences: EM fungi are a more diverse group than AM fungi. All
known species of AM-forming fungi are placed in the same phy-
lum (Glomeromycota), are obligate mycorrhizal, and are thought
to have one common symbiotic ancestor (Smith and Read 2008).
EM fungi, on the other hand, are placed in several phyla (Basidi-
omycota, Ascomycota, and Zygomycota), and there is strong evi-
dence that EM lifestyle has arisen at least 15 times independently
from saprotrophic ancestors (Plett and Martin 2011). As a conse-
quence, EM fungi show a huge variation in growth morphology,
physiology, and EM–plant interactions, but all of the diversity
remains neglected in models involving EM.
EM fungi are found more in N-poor environments, so N uptake
is important to the host trees. EM fungi appear to be more efﬁ-
cient in uptake of organic forms of N than AM fungi and, in most
conditions, increase tree N uptake. In AM systems, generally, only
mycorrhizal P uptake is beneﬁcial to the host plants, while for N
uptake, there is competition between fungi and host plant for
mineral N. A detailed model emphasizing the increase in surface
area by AM fungi as the most important factor in P uptake (which
is highly efﬁcient, i.e., uptake rate is not the limiting factor) has
been developed by Schnepf and Roose (2006) and Schnepf et al.
(2008)). If modiﬁed to include N uptake from organic pools, this
model could be useful for EM systems.
Deckmyn et al. (2011) were the ﬁrst to develop a full ecosystem
model with explicit mycorrhiza consideration, though the EM are
considered as a single pool (no differentiation in mycorrhizal
roots and EMM). In their ANAFORE model, EM fungi also possess
some degrading capacity of organic matter. Meyer et al. (2010)
developed a simple plant–fungi feedback model that captures the
main C and N exchange between a fungal C and N pool and a root
C and N pool (Meyer et al. 2010, 2012). This is the only model that
considers the effect of the hyphal mantle on plant nutrient up-
take directly. Staddon (1998) simulated the C dynamics between a
mycorrhized plant and the fungal community depending on am-
bient CO2 concentration and photosynthetic activity. His aim was
to investigate the effect of elevated CO2 on fungal colonization.
Also, Orwin et al. (2011) described mycorrhiza explicitly in the
MySCaN model and linked them to the ecosystem C and N cycles.
They found that explicit mycorrhiza implementation has consid-
erable effects on simulated organicmatter pools and degradation.
They do not explicitly distinguish between AM and EM fungi.
1.5.2. C and nutrient ﬂow between host plant and mycorrhiza
In existingmycorrhizal models, different simple approaches have
been used to simulate mycorrhizal growth, but all assume that the
main C source is from the host plant. Orwin et al. (2011) deﬁned a
constant fractionofplantCassimilates that is potentially available to
the fungus and that is modiﬁed further by the intrinsic nutrient
availability in the fungal and plant tissues (Orwin et al. 2011). In
ANAFORE, a fraction of the C allocated to the roots (modiﬁed by
Table 2. Existing mycorrhizal models and their main characteristics.
Model Type Differentiation
Ecosystem
model Elements
Effect on
aggregate
Decomposition
of SOM CMN
Turnover
rate
ANAFORE, Deckmyn et al. 2011 EM None Yes C, N Yes Yes No
Deressa and Schenk 2008 AM AMc No P No No No No
Dorneles 2001, 2004 Not speciﬁed None No C, P Yes
Jolicoeur et al. 2002 AM AMc No P No No No No
Landis and Fraser 2007 AM Arbuscules, AMc Yes C, N, P No No No Yes
MoBilE + Mycofon,
Meyer et al. 2010, 2012
EM EMc-HN No or yes C, N No No No Yes
MySCaN, Orwin et al. 2011 Not speciﬁed None Yes C, N, P No Yes No Yes
Neuhauser and Fargione 2004 Not speciﬁed None No — No No No
Ruotsalainen et al. 2002 All None No P No No No
Schnepf and Roose 2006,
Schnepf et al. 2008
AM patterns AMc No P No No No Yes
Staddon 1998 AM Intra–extra radical Yes C No No No No
Note: SOM, soil organic matter; CMN, common mycorrhizal networks; EM, ectomycorrhizal; EMc, EM colonization; AM, arbuscular mycorrhizal; AMc, AM
colonization; HN, hartig net.
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thewater and nutrient availability) by the host plant yields similar
results (Deckmyn et al. 2011). Both models increase allocation to-
wards roots and EM when nutrients and (or) water is limiting. N
uptake is simulated in a function of available pools (mineral and
organic), and transfer to the host plant is unregulated and com-
plete (EM fungi are simply simulated as “tubes” for N uptake,
although some N is used for EM growth at a constant C:N).
In the model by Meyer et al. (2010, 2012), the maximum C avail-
able for fungal growth is deﬁned by a fraction of plant C assimi-
lates, but the actual C demand of the fungus is determined by
assuming that a certain ratio between root and fungal biomass
exists to produce sufﬁcient fungal biomass to reach the optimum
(deﬁned) degree of mycorrhization. The growth of the fungi is
directly related to the N availability of the soil, as well as to the N
supplies to the root delivered by the fungi.
P might very well be the more important nutrient but is not
included in many ecosystem models. P uptake by EM is very efﬁ-
cient and includes uptake from organic pools not available to
plants (Bolan 1991). Therefore, inclusion of this aspect, even in a
simpliﬁed way, should inﬂuence ecosystem functioning signiﬁ-
cantly as P might be limiting in an increasing number of forest
ecosystems as N pollution increases (Plassard and Dell 2010;
Cumming 1996; Naples and Fisk 2010), although other authors
suggest that N (Vitousek and Howarth 1991; Linder 1995) is gener-
ally still more limiting. Orwin et al. (2011) included P uptake from
organic pools, which had previously been considered only in
purely arbuscular models (e.g., Schnepf and Roose 2006; Schnepf
et al. 2008), and the results clearly showed a signiﬁcant impact on
plant growth and soil C dynamics.
In conclusion, N transfer in existing models is implemented
usually as a constant supply rate from the N and P taken up by the
EM fungi. For an evenmore basicmodel, EM can be seen as simply
enhancing plant N and P uptake from the soil by a constant factor
and (or) by allowing a larger soil area or a constant fraction of
organic N and P pools to be exploited. This does not necessarily
imply explicit simulation of the EM but can be included into the
ﬁne root characteristics. Alternatively, another very simpleway to
model both C and nutrient transfer would be to explicitly set an
exchange rate, thus only allocating C to the EM if N and (or) P (or
other nutrients) are provided. Although this is easy to implement
and can yield good results locally and averaged over longer time,
experimental data show that there is no constant exchange ratio
(Jones and Smith 2004) and that C is possibly allocated to EM even
when N and P are not immediately provided (see section 4.3.1,
parasitical behavior of EM).
1.5.3. Turnover and respiration
Mycorrhizae turnover and respiration in models are generally
described very simplistically. Fungal C losses due to turnover can
be deﬁned as a certain fraction of C that is lost per time unit. The
easiest option to model mycorrhizal respiration is to set a certain
fraction of fungal C that is respired. Another possibility is to
follow the concepts developed for plant root respiration, e.g.,
Thornley and Cannell (2000) as in Meyer et al. (2012), or to follow
Arrhenius (Q10) temperature dependencies (Deckmyn et al. 2011),
but a direct link to carbohydrate supply might be more realistic.
One aspect that could easily be included in models is the recircu-
lation (autolysis and reuse in production of new materials in the
mycelium). However, it is unknown how high a proportion of the
N and P (and C) is reused. Either experimental data or a model
analysis could elucidate whether this aspect is important for the
soil nutrient balance.
From a modeling perspective, distinction is often made be-
tween live and dead fungal tissue (Deckmyn et al. 2011; Meyer et al.
2012), but ﬁeld measurements cannot always make this distinc-
tion. Turnover rate from a modeling perspective is the death rate
of a tissue that subsequently enters the litter pool and is decayed
depending on recalcitrant proportion and C:N.
1.5.4. EM structures
In a very simple model, there is no separation into different
fungal tissues. However, because their different functions and
properties have a major impact on soil nutrient content and fun-
gal nutrient uptake and turnover capacity, it is important to dis-
tinguish them in more advanced model approaches. Meyer et al.
(2010) offered a parameter to divide EM biomass between the
hyphal mantle and the extraradical mycelia, which are both char-
acterized by different turnover rates. Rhizomorphs have not been
implemented in any model yet but are clearly important due to
their function as fast nutrient transport ways and extension struc-
tures, besides having a longer residence time and higher C:N.
They can constitute a high fraction of the total fungal biomass and
probably have a high impact on the total fungal C and N demand
(Agerer 2001). Moreover, uptake of nutrients does not take place in
the rhizomorphs, but at the tips of individual hyphae in the ﬁne
mycelium and EM root tips.
1.5.5. Fine root infection
In AM models, percent infection has played a central role (as-
sumed to be a goodmeasure of the C allocated to the AM), but this
approach has been questioned (Allen 2001). In EM models, some
models assume that all ﬁne roots are infected and no size of the
infected root system is simulated or do not explicitly simulate rate
of infection (ANAFORE, Deckmyn et al. 2011; MySCaN, Orwin et al.
2011).
Another optionwould be to use a species-speciﬁcmaximum infec-
tion rate or to calculate infection from plant and EM growth rates
(Meyer et al. 2010). To our knowledge, the Meyer model (Meyer et al.
2010) is the only one to include feedback between the percent infec-
tion and root uptake and turnover characteristics. Thus, although
infection is ratherwell documented based on the experimental data,
in models, it is not evident how to use this information because of
the lack of knowledge on the implications. In models that do not
differentiate between EM tissues, inclusion of percent infection is of
little value. It is also important tonote that inmanyecosystems, 100%
infection rate is found (Kraigher 1999).
Assuming that EM fungi are simulated as a single pool in the
simplest model, they can be associated with trees of different
species and ages at the same time. It could be effective and more
realistic to simulate one EM pool with different associations to
different tree species (allocating more nutrients to the species
that has the highest infection) instead of simulating an EM pool
for every tree species. One way to distribute the nutrient and C
ﬂuxes over the EM pools is to add all C available from the plants
into a single pool. For the P and N taken up by the EM in surplus of
the growth of the EM itself (depending on a maximum growth
rate + available C, N, and P), a simple rule linked to the mycorrhi-
zation degree of each tree or tree category (this can be the weight
of mycorrhized ﬁne roots per tree) seems the most obvious. This
implies simulating the degree of mycorrhization, which is in-
cluded so far only in the plant-scale models (Meyer et al. 2012), not
in the forest-scale models (Deckmyn et al. 2011), as a function of
allocated C and ﬁne root surface area. For the simplest model, a
species-dependent constant percent mycorrhization could be a
reasonable assumption. Of course, if EM fungi are not explicitly
simulated but only as part of the ﬁne roots of each species, these
issues do not need to be considered.
1.5.6. Sensitivity to changes in environmental factors
Most environmental indirect effects (through the host plants)
are more important and better understood than direct effects.
Even the simplest EMmodels should simulate the link between C
available from the host plant and EM growth. The relationship
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between the decrease in fungal abundance and biomass and the
increase in soil N availability has been conﬁrmed in a high num-
ber of published reports (see above), though infection rate is often
100%, even under high N availability. Mostmodels (Deckmyn et al.
2011; Meyer et al. 2010, 2012; Orwin et al. 2011) include either a
direct or indirect mechanism leading to a reduction in plant C
allocation into fungal biomass when N and (or) P are not limiting.
Effects of climatic factors such as temperature and soil moisture
on fungal growth have so far been treatedmainly as plant-mediated
(effects through the changes in available C), but direct effects of such
factors on respiration (using response curves similar to those of the
plant) have also been implemented. However, this assumption is
subject to high uncertainty and simulated C and N ﬂuxes might be
changed considerably if response curves differ.
From a modeling perspective, the indirect effect of mycelia for-
mation on water uptake is relatively simple to consider in ecosys-
tem models and would be expressed by, e.g., a higher water
uptake efﬁciency of mycelia compared with roots or a higher
potential uptake area.
1.5.7. Missing concepts
From the data above, it is clear that relatively simple EMmodels
can be implemented into forest ecosystem models using average
values. Such models are able to deal with the uptake of nutrients
from pools not accessible to plants (i.e., P from the organic layer)
and simulate the interaction between host plants and EM dynam-
ically depending on the most limiting factor (P, N, energy). The
following are some important limitations to such models:
• very large differences between different EM fungi, the use of
one average set of parameters may not cover cases in which the
community of EMs changes over time;
• simplemodels are focusedmostly on the plant–EM interaction,
ignoring the signiﬁcant direct and indirect effects of the EM on
the soil organic pools;
• the interaction between host plant and EM appears more com-
plex (Högberg et al. 1999; Kohzu et al. 2000) and has been shown
to vary seasonally, during forest development, etc.; many stud-
ies have been performed to elucidate this relationship.
In the following sections, each of these aspects is further de-
scribed.
2. How to overcome large species and functional
diversity in EM
Although it can be tempting to simulate a single, unchanging,
pool of EM fungi from a modeling perspective, there are several
publications that suggest that this might not be adequate to catch
the full diversity of EM effects in ecosystems. In contrast to AM,
where about 200 fungi species infect about 200 000 different plant
species, in EM, roughly 25 000 EM species connect to ca. 8000 plant
species (Rinaldi et al. 2008). Cairney (1999) reviewed a number of
physiological characteristics of different EM species, but the num-
ber and taxonomic, structural, and functional diversity of EM
species are far too high to attempt simulating them separately.
Besides this, for the majority of EM fungi, very little is known
about their biology, physiology, growing demands, and environ-
mental limits, with commercial trufﬂes such as the Périgord black
trufﬂe (Tuber melanosporum Vittad.) as a rare exception. Agerer
(2001) introduced the concept of exploration types based on the
large differences in morphology of the EMM, which may repre-
sent a promising grouping of the high EM diversity into a man-
ageable number of classes applicable in EM and forest ecosystem
modeling.
The categorization into types is based on the amount of
EMM formed, the occurrence of more or less differentiated rhi-
zomorphs, and also how far the extramatrical hyphae are reach-
ing from the mycorrhizal root tip. The ectomycorrhizal mantle
itself does not have a large contact area with the soil, so the
emanating hyphae and rhizomorphs determine the volume of
exploited soil (Read 1992; Smith and Read 2008). There appears to
be a relationship between distance and the internal differentia-
tion of rhizomorphs, the farthest reaching types being the most
differentiated. Smith and Read (2008) and Kammerbauer et al.
(1989) showed a clear relationship between the extent of rhi-
zomorph organization and transport rates of phosphate therein.
Besides this, rhizomorphs and rhizomorphs bearing EM have
been shown to have a slower turnover compared with single hy-
phae (Pritchard et al. 2008; Vargas and Allen 2008). Five main
exploration types have been distinguished with different putative
ecological roles, each of which represents a distinct foraging strat-
egy (Agerer 2001):
1. contact exploration type — EM tips and emanating hyphae,
when present, are in close contact with the surrounding sub-
strates (Brand 1991) enabling EM to successfully explore the
substrate in their close vicinity;
2. short-distance exploration type— characterized by a volumi-
nous envelope of emanating hyphae from the mantle, but
rhizomorphs are not formed;
3. medium-distance exploration type— forms rhizomorphs and
can be divided into three subtypes with respect to rhizomor-
phal features: (a) fringe, (b) mat, and (c) smooth medium dis-
tance type:
(a) fringemedium-distance exploration type— forms fans of
emanating hyphae and rhizomorphs, which ramify and
interconnect; rhizomorph surfaces are hairy and form
emanating hyphae with extended contact;
(b) matmedium-distance exploration type— forms undiffer-
entiated or, at most, slightly differentiated rhizomorphs,
thus individual mycorrhizae have only a rather limited
range of exploration;
(c) smoothmedium-distance exploration type— EMmantles
appear rather smooth with almost no, or only a few,
emanating hyphae; rhizomorphs belong to the type B
(Agerer 1987–1993) and are internally undifferentiated or
slightly differentiated or, very infrequently, with a central
core of thick hyphae;
4. long-distance exploration type — characterized by rather
smooth ectomycorrhizae with few but highly differentiated
rhizomorphs that can be well over >20 cm long;
5. pickaback ET— a combination of two EM fungi that, from the
outer morphology, would be sorted into contact or smooth
medium-distance exploration types (Agerer 2001), one of
which can grow within rhizomorphs and (or) mantles of an-
other EM.
Relevant parameters for each type can be found in Table 3.
So far, several environmental changes have caused shifts in the
EM community through differences in rhizomorph characters
and consequently in exploration type presence and abundance. N
and P availability inﬂuences EM morphotype, as has been shown
by Baum and Makeschin (2000) where fertilization reduced the
number of rhizomorph-forming EM. Changes in temperature are
also known to lead to shifts in EM composition, as do increased
ambient ozone (Matyssek et al. 2010) and antiozonant chemicals
(Katanic´ et al. 2013). Deslippe et al. (2011) found increases in hy-
drophobic hyphae and longer range, rhizomorph-forming EM
types under warming. Simulated grazing experiments show that
reduction in the carbon supply is affecting the EM community
such that contact and short-distance exploration types increase,
whereas the rhizomorph formers decrease in abundance (Barto
and Rillig 2010). These shifts can be signiﬁcant and might lead to
considerable changes in the ecosystem C and N cycling pattern.
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It might be questioned if the role of fungal diversity is of major
importance in old established forest ecosystems where negative
effects of certain species might be compensated by others. Fungal
diversity could play a major role though when ecosystems are
disturbed, e.g., after logging or due to acid rain. Kowalski et al.
(1990) found that after being exposed to acid rain, the initial EM
community of a mixed stand vanished and was replaced by acid-
tolerant EM species, which were smaller in diversity and formed
only a thin sheath around root tips. These observed changes are
likely to have decisive consequences for plant physiological and
phytopathological functions.
2.1. Model implications
From a forest-modeling perspective, simulating the different
EM taxa is clearly too complex. Modeling the exploration types is
a useful intermediate step, as it allows simulation of different
behaviors and groups all of the EM diversity into only ﬁve (seven)
different groups (modeling pools). Simulation of one EMpoolwith
parameters for the exploration type and rhizomorph formation is
possible, but a more complex model with competing ecotypes
might yield new insights. This requires a clear link between the
ecotypes and their characteristics.
At the moment, several parameters of different exploration
types were proposed with possible implications in modeling EM
(Weigt et al. 2012). Speciﬁc EMM length and exploration distance
may serve as relevant measures for the potential distance occu-
pied by a particular exploration type, whereas parameter-speciﬁc
potential (actual) mycelial space occupation gives a potential (ac-
tual) space occupation (e.g., the complete hyphal depletion zone;
Weigt et al. 2012).
For modeling purposes, it would be an advantage to deﬁne
fungal communities with certain properties that associate with
certain tree species or that are present under particular deﬁned
soil properties. The main difﬁculties are as follows:
• lack of understanding of the ecological signiﬁcance of the ex-
ploration types;
• fungal species do not always form the same exploration type
(although most species do), and in a given site, different types
can co-exist;
• EM exploration type might change in response to environmen-
tal changes, i.e., the most competitive type under the given
circumstances survives;
For AM fungi, a recent model study calculates the theoretical
optimum number of symbiotic AM fungi in a grassland using
asymptotic diminishing returns as a function of the number of
symbionts (Veresoglou and Halley 2012); a similar approach could
yield interesting results for EM fungi.
In conclusion, it might be possible to construct a model simu-
lating a full range of EM, and the economics (cost beneﬁts) can be
calculated to predict which type of symbiosis emerges. It is clear,
however, that at the moment, data are lacking and only a very
theoretical approach (such as in the AM study of Veresoglou and
Halley 2012) would be possible at short notice.
3. Effects of mycorrhiza on nutrient pools and
other microorganisms
The net effect of EM on total soil C is a sum of interacting effects
(Fig. 2). (1) EM fungi degrade SOM. (2) EM fungi compete with
saprotrophic microorganisms for nutrients. As a consequence,
the saprotrophic microorganisms can be suppressed, and this can
reduce SOMdegradation because the EM fungi degrade some com-
pounds more slowly (the “Gadgil effect”). (3) On the other hand,
the belowground allocation of plant energy fuels the activity of
EM fungi and associated microorganisms, increasing SOM degra-
dation of energy-poor SOM (priming effect). (4) Nutrients are im-
mobilized into the EM tissue. (5) EM fungi form relativelyTa
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recalcitrant hyphae (cell walls can have a chitin content of up to
60%; Langley and Hungate 2003) that enter the SOM pool after
their death and could increase aggregate formation in the soil.
However, Fernandez et al. (2012) questioned whether chitin is
recalcitrant, so this obviously needs to be elucidated before it can
be incorporated into models.
3.1. Exploitation of organic versus mineral pools
Only small fractions of soil N and P are available in mineral
form. Most nutrients are stored in organic (N and P) form or as
part of the crystal lattice of soil minerals (P and base cations). EM
fungi are highly efﬁcient in uptake of mineral N and P, but they
are also involved in the mobilization of nutrients from less avail-
able pools. A number of studies have demonstrated the ability of
EM fungi to break down all major classes of organic matter (e.g.,
Norkrans 1950; Trojanowski et al. 1984; Haselwandter et al. 1990;
Read et al. 2004). A complication is that EM fungi show much
variation in their abilities to utilize certain nutrient sources, e.g.,
some species do not show a signiﬁcant growth on organic N
forms, whereas other species can use amino acids as an energy
source (Sangtiean and Smith 2002; Smith and Read 2008;
Abuzinadah and Read 1986; Finlay et al. 1988, 1989; Koide et al.
2008). In vitro experiments show different results on the lignin-
and cellulose-degrading abilities of EM fungi (e.g., Bending and
Read 1995; Colpaert and van Laere 1996; Colpaert et al. 1997;
Martin et al. 2008; Nagendran et al. 2009). The role of EM fungi in
the actual breakdown of complex organic matter as an energy
source in the ﬁeld has been questioned. It can be assumed that EM
only degrade SOM as a C source when the supply from the host is
limited (Högberg et al. 2001; Read and Perez-Moreno 2003). Courty
et al. (2007) showed that before and during budbreak, EM fungi
(Lactarius quietus (Fr.) Fr. (1838)) might be able to use SOM as a C
source.
On the other hand, the availability of plant energy could en-
hance the degradation of SOM (“priming effect”) in search for
nutrients (Talbot et al. 2008), as has been demonstrated in non-EM
plants (Dijkstra et al. 2006). Nutrients in degraded plant litter are
protected by lignocellulose structures. A recent study showed a
strong reduction of dissolved complex organic matter in the pres-
ence of an EM fungus, driven by a process involving the formation
of radicals (“Fenton” reaction) (Rineau et al. 2012), which is sup-
pressed by the absence of readily available energy (glucose) or the
presence of ample inorganic N (Rineau et al. 2013). These results
support the view that degradation of complex organicmatter is an
energy-limited process (Kuzyakov et al. 2009) and driven by nutri-
ent (N and (or) P) demand.
3.2. Competition with other microorganisms
The Gadgil effect (Gadgil and Gadgil 1971), in which inclusion of
EM fungi reduced the degradation of SOM due to competition
with saprotrophs, has been described by several authors (Zeller
et al. 2007). This does not need to contradict the enhanced SOM
degradation by EM found in other studies. Several studies demon-
strated a vertical differentiation of the microbial community in
the soil proﬁle (Dickie et al. 2002; Landeweert et al. 2003; Rosling
et al. 2003; Lindahl et al. 2007). More than half of the EM root
tips in a Swedish mixed coniferous forest were found in the min-
eral soil horizons (Rosling et al. 2003). Also, the majority of EM
fungal biomass was found in themineral soil horizons (Wallander
et al. 2004). A detailed study of changes in C:N and 15N abundance
with depth of the organic horizon revealed a distinctive shift from
saprotrophic fungi in the coarse plant litter to EM fungi in the
more decomposed litter and humus (Lindahl et al. 2007). From
this spatial separation, the authors conclude that the process of
organic nutrientmineralization is not dominated by saprotrophic
fungi but by EM fungi and is ultimately fueled by the energy ﬂux
from the host trees into the EM hyphal network. Gadgil and
Gadgil (1971) proposed that both EM and saprotrophic fungi com-
pete for nutrients: saprotrophs win in energy-rich fresh litter but
lose in deeper soil where C is limiting. To date, there is no consen-
sus as to what limits the growth of EM fungi (C, N, or P). Meta-
analyses suggest that EM respond to CO2 with increased biomass
and decreased N and P content, which suggests that EM fungi are
still C-limited (Treseder 2004), but this has not been conﬁrmed in
ﬁeld studies so far.
To further complicate matters, EM fungi support an associated
community of helper bacteria (Garbaye 1994; Frey-Klett et al.
2007). These helper bacteria are thought to be involved in (i) nu-
trientmobilization fromminerals and organicmatter, (ii) ﬁxation
of atmospheric nitrogen, and (iii) protection of plants against root
pathogens (Frey-Klett et al. 2007).
3.3. SOM and micro- and macro-aggregate formation
The ﬂux of carbon into the belowground mycorrhizal network
adds directly to the belowground organic matter pool when fun-
gal hyphae die. Mycorrhizal fungi inﬂuence the formation or
stabilization of soil at macroaggregate (53–250 m) and microag-
gregate (<53 m) scales with different mechanisms, which
Rillig and Mummey (2006) differentiated into physical, biochem-
ical, and biological processes. Biochemical effects include the re-
lease of mycelial products, including glomalin in AM fungi and
polysaccharide polymers (“bioﬁlms”) in EM fungi. Biological ef-
fects include the inﬂuence of mycorrhizal mycelia on other mi-
crobial (e.g., bacterial) communities and fungal interactions with
the soil food web. Physical effects include hyphal enmeshment of
particles and microaggregates, altered water regimes (dry–wet cy-
cles), alignment of particles, and exertion of pressure. Different
aspects of the fungal mycelium may have different roles in these
processes. Additionally, the fungal diversity is of highest impor-
tance, as EM fungal species differ in their effects on root hydraulic
conductivity, inﬂuence differently root biomass, and possess di-
verse mycelium architecture (Rillig and Mummey 2006).
3.4. Model implications
Existing forest models generally do not include any effects of
EM on SOM. N and P (if simulated) are often only taken up by the
plants in the mineral form, which might induce an important
overestimation of P and N limitation on tree growth. Inclusion of
decay rates for the dead hyphalmatter, possibly depending on C:N
but generally lower than for dead plant matter, is relatively sim-
ple and should be feasible in most ecosystem models, though
chitin decay should be better understood and parameterized ﬁrst.
Effects on aggregate formation are less evident to simulate, but if
aggregate formation is included in a model, EM can be added as a
Fig. 2. Effects of ectomycorrhizal (EM) fungi on soil organic matter
(SOM).
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linear modiﬁer for this process (as in ANAFORE; Deckmyn et al.
2011).
Inclusion of interaction between soil microorganisms is possi-
ble if a fundamental change is taken from the popular view of
decay rates being driven by the soil organic pools (modiﬁed by
environmental factors) to a dynamic simulation of the soil micro-
organisms. One nice example is a modeling study by Banitz et al.
(2011) on the effects of fungal networks on degradation by bacte-
ria. With three or more pools of microorganisms with different
requirements in C, N, and P and different efﬁciencies in decaying
the soil C pools, a more realistic representation of the complex
web of interactions between the decay rates and the organisms
can be created. However, an intermediate solution in which the
pool size of themicroorganisms is amodiﬁer for the decay rates of
the soil organic pools could be an easier way to implement at least
some of the effects described above.
Regarding organic matter degradation abilities of fungi, only in
the ANAFORE (Deckmyn et al. 2011) andMySCaN (Orwin et al. 2011)
models does EM have a capacity for litter degradation, which is
about one-tenth of the capacity of simulated saprophytic fungi.
The AMmodel of Schnepf and Roose (2006) also includes uptake of
P and N from the organic litter layer, depending on the surface
area of the AM and limited by a maximal uptake rate. Although
thesemodels simulate a direct link between EM biomass and SOM
degradation rate in competitionwith saprotrophic fungi, it would
be possible in a more simple model to attribute a constant frac-
tion (10%) of the SOM degradation to EM.
4. Variability in host–fungi interaction
4.1. Factors inﬂuencing the symbiotic beneﬁt: from
mutualism to parasitism?
EM are often considered symbiotic, with C being exchanged
only if nutrients are limiting. From a modeling perspective, a
simple solution is to allocate a ﬁxed percentage of NPP to the EM.
However, these approaches do not cover the diversity of responses
found in experiments.
Many studies have shown reduced C transfer to EM fungi under
nutrient-rich conditions (Nilsson andWallander 2003; Jones et al.
1990). However, many cases have been reported in which the ex-
change between fungi and plant was not balanced and (tempo-
rary) negative effects on plant growth occurred (see e.g., Johnson
et al. 1997). Whether the relation between fungi and plant turns
parasitic seems to depend on a variety of factors such as plant age
(Colpaert et al. 1996; Jones and Smith 2004), plant nutritional
status (Correa et al. 2006, 2011), soil nutrient availability (Correa
et al. 2011; Hammer et al. 2011), and environmental conditions
such as drought (Davies et al. 1996) and C availability (light)
(Bücking and Heyser 2003). These studies are mainly under labo-
ratory conditions, and it appears that EM fungi in the ﬁeld are
almost always beneﬁcial to the host. Johnson et al. (1997) recom-
mended considering mycorrhiza as a principally mutualistic rela-
tionship that is interrupted by exceptional periods when the net
plant costs exceed the beneﬁts. Collins Johnson et al. (2010) found
that locally adapted AM fungi are generally mutualistic, whereas
artiﬁcial combinations used in laboratory experiments are not
always.
Concerning the C source, EM mainly use the new photosyn-
thates, but some access to starch has also been shown (Druebert
et al. 2009; Pena et al. 2010). The envelopment of the ﬁne root with
the fungalmantle, which constrains root nutrient uptake, implies
that the plant is mainly accepting fungal supplies instead of con-
trolling the symbiosis. However, there are indications that the
plant indeed has some ability to regulate the C transfer to the
fungal partner from photosynthates. Nehls (2008) and Nehls et al.
(2010) analysed the distribution of carbohydrate transporters in
the root–fungal interface and concluded that there are several
ways for the plant to down-regulate the C supply:
• the activity of photosynthesis can be regulated according to the
fungal C sink strength;
• the sucrose transport into the apoplast can be controlled;
• the plant seems to have control over the magnitude of hy-
drolysis of sucroses to fungal-available hexoses; and
• root and fungi compete for hexoses in the apoplast, i.e., the
root can redirect hexoses into root cells if fungal nutrient ex-
porters are not active.
In a recent meta-analysis, Correa et al. (2012) concluded that C
allocation to the mycorrhizae is not the reason for the reported
negative effects of EM on plant growth. They concluded that EM
become parasitic when they reduce the plant nutrient uptake
instead of increasing it. However, because of the complexity of the
matter, wewill explore the different environmental effects on the
plant–fungi interaction by giving a short overview about the cur-
rent state of research, by analysing the observed patterns with
regard to their importance from a modeling perspective, and by
considering the potential to include the observed patterns in eco-
system models.
4.1.1. Effects of meteorological factors on plant–fungi interaction
4.1.1.1. Drought
Increased allocation to mycorrhizae under drought conditions
has been found in a study on EM fungi (Vargas and Allen 2008).
This is a useful adaptation as several published studies indica-
ted that ectomycorrhizal fungi can signiﬁcantly contribute to
drought resistance of plants and use several direct and indirect
ways for that, e.g., the increased production ofmycelia and lateral
hyphae enhancing water uptake and the protection of root tips
due to the hyphal coverage (see, e.g., Davies et al. 1996; Runion
et al. 1997; Jany et al. 2003; di Pietro et al. 2007). Hydraulic redis-
tribution and lift through mycelia and mycorrhizal plant roots
should also be considered in this respect (Prieto et al. 2011; Smith
and Read 2008). However, the magnitude of protection seems to
vary considerably between species, and some particular drought-
resistant fungal types such as, e.g., Cenococcum geophilum have
been identiﬁed (di Pietro et al. 2007; Jany et al. 2003). However,
some studies indicate that the plant limits its C investments when
a certain threshold is reached, e.g., as soon as the prospect of a
beneﬁt fades or the fungal C requirements exceed the plant ca-
pacity (Volkmer 1999; Shi et al. 2002). Swaty et al. (2004), who
studied plant drought stress symptoms andmycorrhizal coloniza-
tion in a pine forests in USA, indicated that trees with intermedi-
ate drought stress showed a much higher fungal colonization
(58%) compared with trees under very high drought stress (29%).
Systems with seasonal droughts seem to be dominated by rhi-
zomorph formers that are more drought-resistant.
4.1.1.2. Light and temperature
The effects of temperature and light changes cannot be fully
separated as they both go along with a change in the available C
resources. Light reductions, as well as reduction in temperature,
lead to lower C supply and can lead to proportional decreases in
fungal C supply. However, relative C investment from the plant
can temporarily increase if the nutrient supply and colonization
remain constant. A reduction in EM fungi abundance has some-
times been observed (Son and Smith 1988; Johnson et al. 1997) so
that the impact of light or temperature deﬁcit probably depends
on the plant vitality and its remaining C sources (Johnson et al.
1997). In this respect, it is important that EM appear to have some
access to stored C (starch) from the host plant during periods with
insufﬁcient supply of new photosynthates (Druebert et al. 2009;
Pena et al. 2010).
The effect of higher temperatures has been observed to lead to
both proportional increases in available C and different respira-
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tion response curves of roots and fungi so that increased fungal C
demand might lead to higher C losses for the plant (Bååth and
Wallander 2003; Malcolm et al. 2008). These ﬁndings, however,
were usually investigated in lab experiments, and the effects are
not necessarily the same in established forests.
4.1.2. Inﬂuence of nitrogen and phosphorus soil availability and
plant nutrient status
The nutrient status of the plant is the key determinant in car-
bon allocation between above- and below-ground parts of the
plant (Ericsson 1995; Poorter and Nagel 2000). More speciﬁcally,
plant limitations in the nutrients N, P, or S lead to increased
investment belowground, whereas limitations of K, Mg, or Mn
lead to reduced allocation belowground (Ericsson 1995). Addition
of P or N often leads to a severe reduction in EM infection rate or
growth (Nilsson and Wallander 2003; Jones et al. 1990). The same
trends are also visible in the C investment in the EM and arbuscu-
lar fungal biomass, the number of EM fungal fruiting bodies, and
the degree of mycorrhization (for reviews, see Koide 1991;
Wallenda and Kottke 1998; Wallander et al. 2011; Lilleskov et al.
2002; Nilsson et al. 2007; Frey et al. 2004; Parrent et al. 2006).
It is often observed under N shortage that C ﬂow to the fungi is
not reduced even when the plant shows some evidence of growth
depressions (Johnson et al. 1997). This seems to be a result of high
N retention in the fungal tissue rather than a C deﬁcit in the plant
(Correa et al. 2008, 2012). In an in vitro experiment by Colpaert
et al. (1996), the fungal mycelia stored about 6%–16% of the total
plant and fungal biomass but retained between 12% and 32% of the
total N. Consequently, it can be assumed that the plant accepts
not only high C investments from the fungi but also parasitic
appearances of the fungi if it suffers from nutrient shortage, i.e.,
that classic view of the mycorrhizal symbiosis might not apply at
every point in time. In such cases, it can be seen as an investment
in the future: in the long run, the mycorrhiza will have a mostly
positive effect and investing inmycorrhizae to increase soil explo-
ration is a strategy that increases the chance of survival on aver-
age. High soil N decreases the C allocated to EM in almost all
studies, but the P availability may change that picture.
In an excellent review by Treseder (2004), it was shown that
under high P levels, allocation to EM is more reduced than under
high N levels. Deslippe et al. (2011) found no reduction in percent
root mycorrhization with N fertilization. On the other hand, low
P levels increase C allocation to EM even when plant growth is
reduced. Laboratory experiments show that the effect of high N
on EMM production was dependent on the P availability such that
low P stimulated EMM production irrespective of the N availabil-
ity (Wallander and Nylund 1992; Ekblad et al. 1995). This suggests
that P availability is the dominant effect, which can be explained
by the nonmobility of soil P. Increasing the foraging range of the
plant by EM is more important for P uptake than for N uptake.
4.1.3. Inﬂuence of forest and tree age and seasonality on C
allocation to EM
Plant age seems to be of major importance when assessing the
beneﬁt that the plant takes from the EM infection. Young saplings
often show a growth depression or lower vitality than noninfected
trees (Correa et al. 2006) in vitro or on forest establishment. How-
ever, in a mature forest, seedlings have been found to receive C
from the mycelial network (originating from mature trees) (see
section 4.2.2). In accordance, it was found in ﬁeld studies that
trees make high C investments into the EM network until canopy
closure (at a forest age of about 20–30 years, depending on the
forest). After that, C investments seem to be lower because the
mycelial network is fully established and soil exploration by my-
celia production is complete, so the existing mycelia only has to
bemaintained (Wallander et al. 2010). Therefore, young trees very
likely “accept” C investments, although no immediate beneﬁt can
be taken to establish a network that will beneﬁt the whole eco-
system in the long term. Very little data concerning seasonality
are available. Because EM use mainly fresh photosynthates (see
above), highest growth rates are expected in summer. In autumn,
C allocation to the roots is relatively higher but might be less
accessible (storage C). Also, relatively more ectomycorrhizal C is
invested in fruiting bodies.
4.2. Additional beneﬁts in the mycorrhizal symbiosis
Besides the direct reciprocal exchange of C and nutrient be-
tween plants and the fungal symbionts, other plant beneﬁts have
also been reported. Increased protection of tree sapling against
pathogens has been reported for both AM and EM. The infection
of saplings with different mycorrhizal species has been shown to
drastically reduce pathogen damage on saplings infected with
Fusarium and Cylindrocladium (Chakravarty and Unestam 1987;
Morin et al. 1999). Luo et al. (2009) report increased abiotic stress
tolerance in EM-colonized trees explained by priming effects on
stress-related signaling pathways. In addition, it has been shown
that the fungal hyphal mantle that covers the root tips can signif-
icantly reduce root decomposition rates (Langley et al. 2006).
There is clear evidence that there is not only a direct nutrient
and C exchange between one ectomycorrhizal plant and the EM
community, but in forest ecosystems, nutrients (C, N, P) andwater
are exchanged between trees over extended “common mycorrhi-
zal networks” (CMNs) (Arnebrandt et al. 1993; Simard et al. 1997,
Brearley et al. 2007, Warren et al. 2008) according to source–sink
relationships (Simard et al. 1997). These transfer processes imply
that nutrients, C, and water shortages for single species can be
overcome by these transfer strategies and that parasitic appear-
ances between single fungi–tree connections may lose impor-
tance. The stability of a forest ecosystem is thus probably highly
related to the tree–fungi–soil transfer of nutrients and water
within CMNs.
Infection with EM does not lead to a stimulation of plant diver-
sity (Lang and Polle 2011). On the contrary, poorly diverse patches
within tropical forest areas have been reported and were deduced
to be due to the infection of trees with EM (Connell and Lowman
1989).
4.3. Modelling implications
4.3.1. C and nutrient exchange
Although a lot of research and models have focused on this
aspect of EM fungi, uncertainty remains quite high. Because the
mechanisms of the control are unclear and too complex for
forest-scale models, three main model strategies can be followed:
(1) simplify to a constant C supply, (2) modify C supply as a func-
tion of nutrient availability or uptake, or (3) modify C supply
following economic principles (optimal allocation).
4.3.1.1. Models simulating C supply as a function of soil or plant nutrient
status
From all of the evidence above, although there is evidence of
changes in the relationship between the fungi and the plant, in
most stable ecosystems and at a larger time scale, it seems reason-
able to have C supply to the EM as a constant fraction of photo-
synthesis (10%–30%; Staddon 1998). Although this is the simplest
way to model the interaction, it does allow negative effects on
growth if N and P are limiting plant growth. However, the often-
reported reduction in EM under high nutrient conditions is obvi-
ously not represented. Assuming forest nutrient conditions to be
stable, this does not need to be a problem, and a simple model as
described in (1) can be used.
In the more advanced models, modiﬁcation of the C fraction
allocated to the EM as a function of nutrient availability and
drought can be implemented, by either direct link to the C allo-
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cated to ﬁne roots or linked to N or P shortage of the plant. In the
latter, this implies plant control of the C supply in a simple way.
For example, Orwin et al. (2011), Deckmyn et al. (2011), and
Meyer et al. (2012) included mechanisms that lead to a reduction
in EM fungal abundance with higher soil fertility. Orwin et al.
(2011) used an indirect approach and reduced C allocation to the
funguswithincreasingNconcentrationintheplant,andDeckmynetal.
(2011) reduced C allocation to the root under high nutrient avail-
ability.
4.3.1.2. Models simulating C supply following economic principles
Several models include more explicit economic principles and
trading concepts (for a review, see Johnson et al. 2007) and calcu-
late an optimal ratio between shoot, plant root, and mycelial
biomass (Fitter 2006; Ruotsalainen et al. 2002). Plant C is allocated
to mycelia only in return for N and (or) P. Such models cannot
simulate parasitical behavior but yield quite good results for lon-
ger term simulations (over several years), especially under stable
conditions where an optimal host–fungi relationship can be ex-
pected. Neuhauser and Fargione (2004) used a predator–prey
model to investigate themutualistic–parasitic behavior of EM in a
conceptual way. Economic models are extremely relevant to sim-
ulate the reduced C allocation to EM under high nutrient avail-
ability, especially for AM systems, where N and P fertilization is an
important issue. For natural forest ecosystems and EM fungi, nu-
trient limitation is probably more frequent.
Along the same economic principles, but with the allocation
blind to the actual pools (i.e., C is allocated to the mycelia under P
shortage even though the fungi do not supply P), a better agree-
ment with experimental data under P limitation is found (AM
model of Landis and Fraser 2007). Other AM models, e.g., Collins
Johnson et al. (2010), are based on the C, N, and P in the soil
nonstructural pools to determine which is limiting. Economic
principles allocate C to the plant shoot when C is limiting, to the
root when N is limiting, and to the root and mycelia when P is
limiting.
An intermediate approach was applied by Meyer et al. (2012) in
which C is allocated to the fungi aiming towards an optimal fungi-
to-root ratio but is further regulated by the N transfer from the
fungal symbiont. C delivery to the fungi would only be reduced
considerably when less than 30% of the total plant uptake is cov-
ered by the fungal N supplies.
A compromise between the different modeling concepts might
be to have a ﬁxed minimal amount of C (possibly starch) always
available (parasitic under high nutrients) with no plant control,
but to allow plant control on the percent photosynthates allo-
cated to the EM depending on the nutritional status.
Furthermore, for N and P supply, other regulating mechanisms
could apply. Published studies reported that with limiting P sup-
plies, plants did not reduce their C allocation to EM (Wallander
and Nylund 1992; Ekblad et al. 1995). Therefore, it might be more
appropriate to use different response functions for N and P when
insufﬁcient N supply by the EM leads to reduced C delivery,
whereas insufﬁcient P does not or less so.
4.3.1.3. Simulating drought and light effects
The above-described effects of drought and light restriction on
the plant–fungi interactions are hardly quantiﬁable and strongly
linked to the local species composition and nutrient supply, i.e.,
resistance against drought or light deﬁcit strongly depends on the
respective intrinsic resilience of the plant and fungal species, on
their C and N uptake efﬁciency, and on the overall combination of
stressors. Themodeling strategies described above can be used for
light, temperature, and drought effects as well. Allocation is ei-
ther a constant fraction of photosynthesis (and therefore lower
under stress) or is inﬂuenced by root–shoot allocation (increase
under drought) or follows economic trading concepts (optimized
for every condition).
4.3.1.4. Simulating the inﬂuence of community composition and plant–
fungal species
Consideration of fungal communities and their effect on plant
vitality is related to the discussion on fungal ecotypes already
mentioned above. For a simple mycorrhiza model, the consider-
ation of different fungal species and their impact on nutrient
exchange and plant vitality is too advanced and probably unnec-
essary when considering old established forest ecosystems that
show a high degree of stability. However, when including either
processes that alter ecosystem stability (e.g., acid rain, forest ﬁres)
or forest management activities (logging, fertilization), it might
be necessary to simulate fungal communities as these might
change which would have considerable impact on tree productiv-
ity. Including these in a more complex mycorrhiza model would
require the existence of a community composition model that
considers the respective characteristics of the described fungal
species and their respective interaction with the plant. One step
towards this is a study by Verbruggen et al. (2012), who tested how
plant C allocation differs between high-quality and low-quality
fungal partners and how this depends on the spatial structure. To
our knowledge, no fungal community model exists so far, and
model development is hampered by the difﬁculties in describing
functional groups. As mentioned above, the deﬁnition of func-
tional groups or exploration types of fungi associated with trees
under speciﬁc environmental conditions could be a further step
in this direction.
4.3.2. Additional beneﬁts
Modelling the additional beneﬁts such as pathogen protection
has, to our knowledge, not yet been attempted. Themain reason is
that these observations are hardly quantiﬁable and especially not
transferable into mathematic equations. The magnitude of the
effect depends highly on composition and vitality of species so
that high uncertainties would be produced. At the current state
of research, it is this probably not advisable to implement these
aspects.
Only one simple model has attempted to consider the forma-
tion of CMNs by focusing on the nutrient transfer between two
plants (Dorneles et al. 2001, 2004). This model could be imple-
mented into a more complex model by including the other EM
functions. The model of Banitz et al. (2011) focused on the simula-
tion of bacterial degradation but included the effect of dispersal
along CMNs. So far, no inclusion into forest ecosystemmodels has
been tested, which is probably explained by the high complexity
of the system and the hampered transferability into ecosystem
models. Also, it is unclear how important the relatively small
ﬂuxes of C between trees are at an ecosystem level. Next to the
challenge of modeling different fungal ecotypes, the pattern of
mycorrhization between different tree species is hardly repre-
sentable. However, the formation of CMNs has important impli-
cations for the implementation of a mutualistic or parasitic
mycorrhiza concept as the parasitic appearance of certain single
species might not be of signiﬁcance anymore, at least in the long-
term perspective.
5. Conclusion and summary: missing data and
concepts
Most current forest ecosystemmodels do not include the role of
EM fungi, although some of the EM effects are implicitly built into
the ﬁne root parameters after optimization (increased uptake ef-
ﬁciencies and longevity of ﬁne roots). If tree growth is the main
emphasis, attributing some EM characteristics to the ﬁne roots
can improve model results, as almost all ﬁne roots are associated
with EM. Themost important characteristics that can be included
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in this way are increased surface area and explored soil volume
and the accessibility of nonmineral nutrient pools. Such models
can simulate tree growth quite well, but this simpliﬁed approach
will induce important errors in respect to soil C dynamics. If the
goal of the forest ecosystemmodel is to accurately simulate soil C
dynamics, then the role of EM fungi should be included in a more
detailed way.
Obviously, the focus of models to be included in ecosystem
models will be on plant–EM interaction and effects on soil pro-
cesses. Nonetheless, for speciﬁc applications, formation of sporo-
carps can be an important model output.
Althoughmany EM parameters still lack accurate estimates, we
believe that enough data and insight are available to allow inclu-
sion of EM in soil models. More data are necessary concerning the
following mechanisms:
• drought effects on EM through C allocation and hydraulic lift;
• plant control over symbiosis;
• EM species or ecotype changes in response to climate or man-
agement;
• balance between increasing soil stabilization and potential to
degrade SOM using C from plants;
• recirculation (autolysis and reuse in production of new materi-
als in the mycelium); and
• the fate of chitin in the soil: is it recalcitrant? What is the
turnover rate?
A drawback ofmany reported studies is that they are conducted
under artiﬁcial laboratory conditions that often do not reﬂect
natural conditions and might in consequence lead to wrong as-
sumptions when using the observations to construct model con-
cepts. This is a general problem as these experiments are often
much more progressing when aimed at developing model mech-
anisms because cause and consequence of observed relationships
are much easier to identify compared with in ﬁeld studies. The
ﬁndings from lab experiments thus need to be considered with
caution, and more ﬁeld experiments are needed to either support
or dismiss ﬁndings from lab observations.
However, of more concern is the lack of ﬁeld data to evaluate
EM models. Ideally, ﬁeld measurements of forest soil C dynamics
should include the following data:
• total EM biomass for different ecotypes, differentiated in rhi-
zomorphs, hyphae, and EM root tips;
• turnover rates and respiration rates of hyphae and rhi-
zomorphs in the ﬁeld;
• standing EMM necromass and its turnover rate;
• C:N:P stochiometry of the different tissues; and
• average characteristics (extension, rhizomorph formation,
capability of SOM degradation) of the ecotypes and the link
between forest type and EM ecotype.
Besides difﬁculties in determining transfer rates, further infor-
mation on environmental dependencies would be necessary to
narrow model uncertainties. To ﬁll some of these gaps, micro-
cosm studies with 15N labeling and sequential harvesting under
different environmental conditions could be an appropriate tool.
Concerning the existing EM models, the most useful improve-
ments could be
• implementation of fungal diversity (either as diversity param-
eters of some kind of grouping (functional, taxonomic)) and
subsequent parameterization and validation;
• implementation of effects on SOM including priming, compe-
tition with saprotrophs, and hyphal turnover; and
• improvement and validation of the different concepts of
host–EM interaction.
In summary, experimental and modeling efforts need to be
better tuned towards each other in the future. We sincerely hope
that this paper will contribute to a better cooperation between
modelers and experimentalists to the beneﬁt of both communi-
ties. Nonetheless, inclusion of EM in forest and soil models, even
with the current data limitations, can be an important improve-
ment to model functioning and validity.
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